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Orbital angular momentum (OAM) has gradually become a research
hotspot in radar, communication and other fields because of its phase
distribution. However it encounters some problems in the real practice
owing to its inherent characteristics. Recently OAM mode group has been
proposed to solve these problems. In this paper, a non-uniform OAM
source is used to generate the OAM mode-group (MG) directly. The
radiation field is analyzed based on an equivalent source transformation.
Taking the partial arc transmitting (PAT) scheme as an example, the non-
uniform source is equivalenced as a group of uniform OAM sources by
calculated its Fourier transform. This work provides theoretical guidance
for the design of non-uniform OAM antenna in the RF domain.
Introduction: Thanks to its special phase distribution, the orbital angular
momentum (OAM)-carrying beam has been proved to have the application
prospect in the fields of communication, radar imaging, and etc, in radio
frequency [1]. The central dark zone and the severe beam divergence
make it difficult to maintain the orthogonality in multiplexing when the
receiving aperture is limited. So OAM mode-group (MG) which consists
of organized multimode OAM-carrying beams has been proposed [2].
OAM MG can maintain the vortex characteristics of OAM-carrying beam
while increase the directivity. Moreover, different OAM MGs can have
quasi-orthogonality among the main lobe. Thus, the sampling receiving
can carried out in the main lobe instead of the whole aperture for the
conventional OAM beams, which can simplify the receiving end greatly.
These advantages are beneficial to the OAM based multiplexing in wireless
communication [3].
Most of the already published OAM MG generation schemes were
realized by the superposition of different OAM waves generated by
separate OAM antennas, which is a bit bulky and complex. Hence a
compact MG antenna which can generate OAM MG directly is high
anticipated. In optical domain, a restriction of the angular range within
an optical beam profile can generate OAM sidebands on the transmitted
light [4]. Based on the fact that OAM-carrying wave can be generated by
traveling-wave circular loop antenna [5] or circular array antenna [6], it
is naturally to think if the OAM MG can be generated by the non-uniform
circular loop antenna. Partial arc transmitting (PAT) scheme is one example
of the non-uniform traveling-wave circular loop antenna whose partial arc
is with no feeding while the remaining part keeps the original feeding. The
circular antenna array whose array element is fed by diverse power, 0 is
the extreme case equivalent of no array element there can also be regarded
as the non-uniform traveling-wave circular loop antenna.
Fig. 1 Different OAM source models: (a) the uniform OAM source (b) a kind of
the non-uniform OAM source: partial arc transmitting
In this paper, the non-uniform traveling-wave circular loop antenna is
proposed to generate the OAM MG. Taking the PAT scheme as an example,
the farfield radiation of the non-uniform OAM source is theoretically
analyzed. It is found that the radiation source can be equivalent to a sum of
a series of uniform OAM sources, whose weights can be calculated by the
Fourier transform (FT) of the amplitude distribution of the non-uniform
source. The radiation field is thus the sum of the corresponding amplitude
modulated OAM wave. Using this idea, the OAM MG can be effectively
constructed. The main lobe of the OAM MG radiation and its OAM
spectrum are also analyzed. This work not only provides a theoretical
guidance for the design and optimization of the OAM MG antenna, but
also helps the analysis of the non-uniform antenna in the RF domain.
Analysis: Fig.1(a) shows the uniform OAM source i.e. the traveling-
wave circular loop antenna, ~Il(l, ϕ′) = I0e−jlϕ
′
which can generate single
mode l OAM-carrying beam. The non-uniform OAM source ~In(l, ϕ′) =
In(ϕ′)e−jlϕ
′
has a non-uniform amplitude distribution of In(ϕ′). Fig.1(b)
shows the model of partial arc transmitting scheme which can be regarded
as a uniform OAM source covered by a ring mask.
When the uniform OAM source is fed, the farfield ~El(l, θ, ϕ) at the
point M(r, θ, ϕ) can be described as:
~El(l, θ, ϕ) =−
µ0ω
4pi
∫2pi
0
I0e−jlϕ
′
ejk|~r−~r
′|
|~r − ~r′| dϕ
′
≈C0(−j)−lJl(kasinθ)e−jlϕ
=C0J|l|(kasinθ)e
−jl(ϕ− l|l| pi2 )
(1)
where C0 ∝ µ0I0ωe
jkr
4pir
, µ0 is the permeability of free space, ω is the
angular frequency and k= ω/c is the wave number. In the farfiled, C0 is a
constant term who is unrelated to θ and ϕ. According to the dual relation
between the azimuthal domain and the mode domain [7], the FT of the
source ~Il is
M [Il(l)] =F [~Il(l, ϕ
′)] = δ(l) (2)
When it comes to the PAT source, whose radiation model is shown
in Fig.2(b), its source ~In(l, ϕ′) is equal to ~Il(l, ϕ′) with certain mode l0
multiplied by a gate function g(ϕ′):
g(ϕ′) =

1, 0<ϕ′ <β
0, β < ϕ′ < 2pi
(3)
where β is the arc angle of ~In(l, ϕ′). So the amplitude distribution function
of the PAT source is In(ϕ′) = g(ϕ′)I0. At this time, the radiation field
~En(θ, ϕ) satisfies:
~En(θ, ϕ) =−µ0ω
4pi
∫2pi
0
In(ϕ′)e−jl0ϕ
′
eik|~r−~r
′|
|~r − ~r′| dϕ
′ (4)
Compared with Eq.2, the FT of the source ~In(l, ϕ′) can be calculated
as
M [In(l)] =F [g(ϕ
′)~Il(l0, ϕ′)] = Sinc(
βl
2
)ejl
β
2 ∗ δ(l0)
= Sinc(
β(l − l0)
2
)ejl
β
2 (5)
Eq.5 means that the non-uniform source ~In is equivalent to a sum of a
series of single mode source ~Il(l) with weight function M [In(l)]:
~In(l) =
∞∑
l=−∞
Sinc(
β(l − l0)
2
)ejl
β
2 ~Il(l, ϕ
′) (6)
Substituting Eq.1 and Eq.6 into Eq.4, the radiation field of the source
~In(l, ϕ′) can be organized into:
~En(θ, ϕ) =C0
∞∑
l=−∞
Sinc(
β(l − l0)
2
)Jl(kasinθ)e
jl(ϕ−ϕ0) (7)
where ϕ0 = β2 +
l
|l|
pi
2
. The above equation shows that all modes have the
same initial phase ϕ0, and the main lobe in the ϕ direction is ϕ0 because of
the in-phase stacking here. From the obtained radiation field, the main lobe
direction θ0 in the θ direction can be found by calculating the maximum
point. It’s worth mentioning that ϕ0 only depends on position of the partial
arc and the amount of arc angle β.
θ0 = argmax
θ
En(θ, ϕ) (8)
In the RF domain, the receiving antenna is usually placed at the
maximum radiation ring, hence the OAM spectrum at the mainlobe
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direction θ= θ0 meets:
|Al|= |Sinc(
β(l − l0)
2
)Jl(kasinθ0)| (9)
According to Eq.8 and Eq.9, the radiation characteristics of PAT, such
as ϕ0, θ0 and |Al| can be controlled by adjusting parameters a, β and l0.
Simulation: As an example, a one-nine aperture PAT antenna is designed,
whose parameter list is shown in Tab.1 [5]. Fig.2(a) and (b) show the
numerical results of the farfield of this antenna calculated by Eq.4 and
Eq.7, respectively. Obviously, the consistency of two patterns verifies the
correctness of the derivation from Eq.4 to Eq.7.
Table 1: parameter list of the PAT antenna
Parameter f l0 a β
Value 60GHz 40 80mm 2pi
9
Fig. 2 Numerical result of the farfield: (a) Calculated by Eq.4 (b) Calculated
by Eq.7
The antenna is simulated in the commercial software CST. The
maximum point of the farfield is supposed at point P (θs, ϕs). Fig.3(a)
shows the simulated radiation pattern when ϕ=ϕs and the theoretical one
calculated by Eq.7 when ϕ=ϕ0. The simulated and theoretical radiation
patterns agree well, and the main lobe direction, which are 24.0o and 23.8o
respectively, are also well matched with an error less than 0.2o. Fig.3(b)
shows the simulated and theoretical result of relative amplitude distribution
in azimuthal direction when θ= θs. The patterns are consistent on the
whole and the simulated result of ϕs is 112.0o. There is a 2.0o deviation
compared with the theoretical value ϕ0 = β2 +
pi
2
= 110.0o.
Fig. 3 Simulated and theoretical results of relative amplitude: (a) results in
zenith direction (b) results in azimuth direction
The OAM spectrum in the main lobe direction in the θ direction is of
great significance in the applications of the MG generated by PAT antenna.
The theoretical OAM spectrum and the calculated one by the simulated
field distributions are shown in Fig.4.
Clearly, the theoretical and simulated results are well matched either.
Simulated OAM spectrum can be identified as the integer sampling of
the theoretical OAM spectrum function. The acceptable error between the
theoretical and simulated results comes from the imperfect antenna design.
Arbitrary non-uniform OAM source scheme: For arbitrary non-uniform
OAM source who satisfies ~In = In(ϕ′)e−jlϕ
′
, In(ϕ′) is the amplitude
distribution function according to the antenna. Fig.5 shows the amplitude
Fig. 4 Theoretical and simulated results of OAM spectrum of this PAT antenna
distributions of some classical OAM sources, including the uniform OAM
source, the PAT source, the uniform circular arrray (UCA) source and the
density-weighted circular array (DWCA) source in [6].
Fig. 5 The amplitude distributions of some classical OAM sources: (a) uniform
OAM source (b) the PAT source (c) the UCA source (d) the DWCA source
The radiation field can be given by:
~En(θ, ϕ) =
∞∑
l=−∞
M [In(l)]Jl(kasinθ)e
−jl(ϕ− l|l| pi2 ) (10)
where M [In(l)] is the FT of the amplitude distribution. From the electric
field expression, the characteristics of the beam, such as the main lobe
direction θm in the θ direction, ϕm in the ϕ direction and the OAM
spectrum Am at any plane vertical to the transmission axis can be
calculated.
Conclusions: In this paper, a non-uniform OAM source is demonstrated
to generate the OAM MG. Its analytical solution of the far field radiation
is obtained by the FT of the source. The non-uniform OAM source can
be equivalent to a sum of a series of uniform OAM source with amplitude
modulation, whose weights are exactly the FT of the amplitude distribution
of the non-uniform OAM source. Taking the PAT scheme as an example,
the mainlobe and the OAM spectrum are calculated from the radiation field
expression and compared with a simulated antenna. The calculated result
shows good consistency with the simulated one, which verified that the
proposed method can provide a theoretical guidance for the design of the
OAM MG antenna.
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